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INTRODUCTION
Quantum wire arrays as well as other nanostructured materials have recently been proposed for applications in electronic, optoelectronic and thermoelectric devices. Thermal management of electronic and optoelectronic devices based on semiconductor nanostructured materials presents significant difficulties due to increase in power dissipation per unit area and variety of size effects that complicate acoustic phonon transport at nanoscales. Development of an accurate theoretical description of heat transport in nanostructured materials is also important in the view of optimization of thermoelectric devices.
In this article, we present an ab-initio model for calculating the lattice thermal conductivity in semiconductor thin films and nanowires. It is based on the solution of phonon Boltzmann equation, which takes into account (i) modification of the acoustic phonon dispersion in lowdimensional structures with the lateral feature size of 10 nm -20 nm, and (ii) change in the nonequilibrium phonon distribution due to partially diffuse boundary scattering. The characteristic dimensions of these nanostructures are approaching the thermal acoustic phonon wavelength and are less than the acoustic phonon mean free path (MFP). According to the latest experimental measurements, the effective MFP of the dominant phonons at room temperature in silicon thin films is close to 300 nm [1] , which is much larger than the value of 41 nm predicted by the Debye model. Numerical simulations are carried out for free-standing silicon cylindrical nanowires (quasi one-dimensional structures) and thin films (quasi two-dimensional structures) with boundaries characterized by the different interface roughness parameter p. The value of p represents the probability that the phonon is undergoing a specular scattering event at the interface.
THEORY

A. Phonon dispersion and group velocities
We calculate the acoustic phonon dispersion in free-standing cylindrical nanowires and thin films by solving the elasticity equation with given geometry and boundary conditions. In the following discussion, we consider only the in-plane transport in the wire and the well and assume that the main contribution to the in-plane heat transfer comes from the longitudinal acoustic phonon modes. Since our main goal is comparison of the lattice thermal conductivity in thin films and nanowires, this assumption does not severely restrict the analysis. The dispersion relation for confined phonons in a nanowire of diameter D is given by [2] ( ) 
The dispersion relation for thin films of thickness D can be written as [3] ( ) (
where q is the in-plane component of the phonon wave vector, J 0 and J 1 are the ordinary Bessel functions, and q d and q t are two parameters given by
. Here v d and v t are the longitudinal and transverse sound velocities in the bulk material, respectively, and ω is the phonon frequency. Confined phonon dispersion is obtained by solving the above equations numerically, and phonon group velocity is calculated for each branch via numerical differentiation. Averaging over contributions from all branches weighted by the population factor, we obtain the functional dependence of phonon group velocity on phonon energy. The population averaged phonon group velocity ( )
is then used to calculate the lattice thermal conductivity.
B. Phonon relaxation times
We consider acoustic phonon relaxation in resistive processes. The combined phonon relaxation time is obtained from the Matthiessen's rule [4] 
Here τ U is the relaxation time due to the anharmonic nature of the crystal potential energy (threephonon Umklapp scattering); τ M is the relaxation time due to mass-difference scattering of phonons; τ B, and τ ph-e are relaxation times due to boundary and carrier scattering, respectively. The formulae for calculating τ U , τ M , τ B, and τ ph-e have been given in our previous work [5] . Phonon spatial confinement leads to modification of the phonon dispersion and phonon group velocity, and hence to a change of phonon scattering rates. In describing phonon boundary scattering, we introduce the parameter p, which is related to the interface roughness. The value of p represents the probability that the phonon is undergoing a specular scattering event at the interface. For the consistency of the model, we modify the expression for the boundary scattering by introducing the parameter p to the semi-empirical formula
One can see that when p=1, e.g, in the case of purely specular scattering, boundary scattering does not contribute to the thermal resistance. In the case of purely diffuse scattering, the above expression reduces to 1/τ B = V/D, which is the well-known formula in the Casimir limit. The average value of p is related to the asperity parameter ε, e.g. the root mean square deviation of the height of the surface from the reference surface plane, via the expression
where P(ε) is the probability distribution for ε and λ is the phonon wavelength.
C. Phonon Boltzmann equation and the lattice thermal conductivity
The lattice thermal conductivity is defined as κ l =-J Q /∇T, where
is the net phonon heat current. Subscript s refers to a particular phonon polarization type, q is the phonon wavevector, ω s (q) is the phonon frequency, V s (q) is the phonon velocity, and from its equilibrium value. To obtain the lattice thermal conductivity in the thin film and nanowire we solve the linearized phonon Boltzmann equation assuming that there is a temperature gradient applied along the wire axis (or in-plane direction in the thin film). In the bulk, the solution for the phonon Boltzmann equation is
, from which one can obtain the regular bulk formula for the lattice thermal conductivity κ l (T, p). In a cylindrical nanowire, the boundary conditions for
for purely specular boundary scattering and ( ) 0
for purely diffuse boundary scattering. Similar boundary conditions can be derived for a thin film. It has been shown that diffuse scattering from rough boundary leads to phonon redistribution, and hence to a deviation of the lattice thermal conductivity from the bulk formula [6] . Thus, the lattice thermal conductivity in a thin film well l κ can be written as the difference between the bulk term and a deviation from the bulk ( ) ( ) ( is the deviation of the lattice thermal conductivity in a well from its bulk formula introduced by phonon redistribution and the function H is explicitly given in Ref. [6] . A similar expression has been derived for the nanowires [5] . The new features that we added to the formulae for the lattice thermal conductivity are the exactly calculated acoustic phonon dispersion and group velocities in thin films and nanowires. The phonon group velocity V enters the expression for
directly as well as via the expression for phonon scattering rates.
The deviation from the bulk formula
) disappears for all D in the case of purely specular scattering, i.e. when p=1. However, the bulk value for the lattice thermal conductivity is not recovered since the phonon dispersion and group velocity are different in the wire and well due to phonon spatial confinement even in the case of purely specular scattering. This fact leads to the prediction of drastically different values of the lattice thermal conductivity than those based on earlier models [6] in which the difference between the nanowire (thin film) and bulk completely disappears at p=1.
RESULTS OF SIMULATION AND DISCUSSION
We apply our model for a thin film and compare the results with those for nanowires of the same dimension using the model previously developed by us for a cylindrical nanowire [5] . The acoustic phonon dispersion for a free-standing silicon cylindrical nanowire of diameter D and a thin film of the same thickness are shown in Figure 1 . The first branches in both structures are of the "true" acoustic type (ω(q=0)=0) as expected. For the higher mode numbers there exist the cut-off frequencies for both the nanowire and thin film. The cut-off frequency for the second branch in the nanowire is larger than that in a thin film. This can be explained by the fact that compare to a thin film a cylindrical nanowire is characterized by the tighter phonon spatial confinement. One can also see that phonon spatial confinement leads to flattening of the phonon dispersion branches and corresponding decrease of the phonon group velocity in both thin films and nanowires. Phonon group velocity for each branch is calculated by numerical differentiation. Details of the population averaging have been given by us earlier [5] . Figure 2 shows the phonon group velocity as a function of the phonon energy. A larger reduction occurs in the nanowire than that in the well due to tighter phonon confinement. The asymptotic values for the average phonon group velocity in the wire and thin film are 5.39×10 5 cm/s and 5.67×10 5 cm/s, respectively. In bulk silicon, the longitudinal sound velocity is 8.47×10 5 cm/s. One should remember that these values are obtained for specific geometry, size and boundary conditions, and will be different in other structures.
Once we have found the functional dependence of phonon group velocity on phonon energy we calculate the phonon relaxation rates. The results are then used to calculate lattice thermal conductivity. Figure 3 shows the lattice thermal conductivity as a function of parameter p. Our results indicate that the bulk value is not recovered even in the case of purely specular scattering due to the modification of the phonon dispersion and corresponding decrease of the phonon group velocity. It is also established that inclusion of the phonon redistribution effects together with phonon confinement leads to a significant reduction in the lattice thermal conductivity in both the nanowire and thin films of given dimensions. The results obtained for the nanowire diameter and the thin film thickness which are on the order of the thermal acoustic phonon wavelength and much less than the acoustic phonon mean free path. For purely diffuse boundary scattering, the ratio of the lattice thermal conductivity between the wire and the well at room temperature is κ wire /κ well ≈ 0.42. 
CONCLUSIONS
We have proposed a model for calculating the lattice thermal conductivity in semiconductor thin films and nanowires that takes into account modification of the acoustic phonon dispersion in these structures as well as phonon redistribution effects due to boundary scattering. Phonon dispersion modification and boundary scattering lead to a significant decrease of the lattice thermal conductivity in nanowires and thin films of the size that is much smaller than the phonon mean free path and approaches the dominant phonon wavelength. We show that the decrease is stronger in nanowires, and that the bulk value for the lattice thermal conductivity is not recovered even in the case of perfect interface and boundary. 
